International Journal of Biological Macromolecules 333 (2025) 148860

Contents lists available at ScienceDirect

Biological
Macromolecul

International Journal of Biological Macromolecules

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/ijbiomac

A rn-stacking gate for redox control in flavin
ferredoxin-thioredoxin reductases

Martha Minjarez-Saenz“, Victor Correa-Pérez”, Maribel Rivero®, Sheila J. Sadeghi ",
Javier Calvo “, Adrian Velazquez-Campoy “, Federico Gago 4 Rubén M. Buey ,
Marta Martinez-Jtlvez *, Milagros Medina*> , Monica Balsera “

2 Department of Biochemistry and Molecular and Cellular Biology, Faculty of Sciences and Institute for Biocomputation and Physics of Complex Systems (BIFI), University
of Zaragoza, 50009, Zaragoza, Spain

Y Department of Life Sciences and Systems Biology, University of Torino, Italy

¢ Department of Abiotic Stress, Institute of Natural Resources and Agrobiology of Salamanca (IRNASA-CSIC), 37008, Salamanca, Spain

d Department of Biomedical Sciences, School of Medicine and Health Sciences, University of Alcald, Alcala de Henares, Spain

€ Metabolic Engineering Group, Department of Microbiology and Genetics, Faculty of Biology, University of Salamanca, Unit associated to CSIC through IRNASA, 37007,
Salamanca, Spain

ARTICLE INFO ABSTRACT

Keywords:
Flavoenzymes
Redox disulfide
Electron transfer

Flavin ferredoxin-thioredoxin reductases (FFTRs) constitute a unique class of enzymes that transfer electrons
from low-potential ferredoxins (Fdxs) to thioredoxins (Trxs) through a flavin cofactor. They are widely
distributed across bacterial lineages, including cyanobacteria and anaerobes such as Clostridium, where they
function either as the sole Trx reductase or in parallel with canonical NADPH-dependent or iron-sulfur systems.
A distinguishing feature of cyanobacterial FFTRs is a C-terminal tail containing a conserved tryptophan (Trp) that
engages in a n-stacking interaction with the flavin—a motif absent in clostridial orthologs. In this study, we use
the cyanobacterial FFTR from Gloeobacter violaceus as a model to demonstrate that the C-terminal tail and its
conserved aromatic residue modulate the FAD electronic environment, electron transfer efficiency, and Fdx
donor interactions. Mutants lacking the tail or Trp exhibited increased flavin solvent exposure, a redox potential
shift of over 200 mV toward less negative values, altered reduction kinetics, impaired electron flow to the redox-
active disulfide, and reduced specificity for Fdx binding. These results reveal a dual role for the C-terminal tail: it
establishes a productive donor-binding interface and shapes the FAD environment to meet the thermodynamic
and kinetic requirements for efficient intramolecular electron transfer to the redox-active disulfide. Collectively,
these findings provide mechanistic insight into how peripheral structural features, such as FAD-aromatic
n-stacking interactions, govern flavin reactivity, donor specificity, and redox behavior in cyanobacterial
FFTRs, underscoring their relevance and offering a framework for engineering redox-active biocatalysts for
synthetic biology and metabolic applications.

1. Introduction

Thioredoxin (Trx) systems are essential for maintaining redox ho-
meostasis and regulating protein thiol-disulfide exchange reactions in
response to environmental and metabolic cues [1-3]. In most organisms,
Trx reduction is mediated by either flavin NADPH-dependent thio-
redoxin reductases (NTRs) or iron-sulfur ferredoxin-thioredoxin re-
ductases (FTRs). However, a subset of phylogenetically diverse

organisms—including the cyanobacteria Gloeobacter, Prochlorococcus,
and Synechococcus, as well as certain Clostridium species—lack both
NTRs and FTRs; consequently, they rely exclusively on flavin ferredoxin-
thioredoxin reductases (FFTRs) to sustain Trx-dependent redox regula-
tion [4,5]. The finding that, in other bacteria and algae, FFTRs coexist
with NTRs or FTRs suggests that FFTRs may complement or specialize
redox regulation under specific physiological or stress conditions [6].
FFTRs catalyze electron transfer (ET) from reduced ferredoxin (Fdx)

Abbreviations: CTC, charge transfer complex; FFTR, Ferredoxin-Dependent Flavin Thioredoxin Reductase; NTR, NADPH-dependent Thioredoxin Reductase; ox,
oxidized; hq, hydroquinone; sq, semiquinone; Trx, Thioredoxin; DTH, Dithionite; Fdx, ferredoxin; 5-dRf, 5-deazariboflavin.

* Corresponding authors.

E-mail addresses: mmedina@unizar.es (M. Medina), monica.balsera@csic.es (M. Balsera).

https://doi.org/10.1016/j.ijbiomac.2025.148860

Received 1 October 2025; Received in revised form 3 November 2025; Accepted 5 November 2025

Available online 6 November 2025

0141-8130/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:mmedina@unizar.es
mailto:monica.balsera@csic.es
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2025.148860
https://doi.org/10.1016/j.ijbiomac.2025.148860
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

M. Minjarez-Saenz et al.

to Trx, directly linking photosynthetic or fermentative electron flow to
downstream redox processes [4,5]. In marine cyanobacteria such as
Prochlorococcus, FFTR activity is thought to be tightly coupled to
photosynthetic Fdx, enabling light-dependent regulation of primary
metabolism in phytoplankton. In anaerobic bacteria like Clostridium
difficile, FFTRs are implicated in sporulation and fermentation, processes
critical for survival, dissemination, and industrial biotechnology [7].
The presence of FFTR as the sole Trx reductase in some of these or-
ganisms underscores its physiological relevance and positions it as a key
player in redox regulation across diverse metabolic contexts.

FFTRs are homodimeric flavoproteins structurally related to low-
molecular weight NTRs (LMW-NTRs), but they use Fdx instead of pyri-
dine nucleotide as the electron donor [6,8,9]. Despite their shared ar-
chitecture, FFTRs and LMW-NTRs exhibit distinct mechanistic and
structural features [5,10]. In the homodimer, each protomer contains
two domains: a FAD-binding domain with a non-covalently bound FAD
and a second domain that harbors a CxxC motif, referred to as the redox-
active disulfide domain in FFTRs or the NADPH-binding domain in NTRs
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[5,6]. Similar to NTRs, the catalytic mechanism in FFTR involves
sequential ET from the electron donor to FAD (flavin reductive half-
reaction), then from reduced FAD to the internal disulfide (flavin
oxidative half-reaction), and finally from the reduced dithiol to Trx.
These steps are coordinated by conformational dynamics that govern ET
timing and directionality [5,11].

FFTRs appear to have diverged structurally and functionally to
accommodate different redox environments. Whereas clostridial FFTRs
interact with bacterial-type [4Fe—4S] Fdxs capable of two-ET, cyano-
bacterial FFTRs use plant-type [2Fe—2S] Fdxs that operate via
sequential single-ET [4,5,11,12]. A key structural distinction is the
presence of a C-terminal tail in the cyanobacterial enzymes, which in-
cludes a conserved aromatic residue. This residue forms a n-stacking
interaction with the FAD isoalloxazine ring of the adjacent protomer
(Fig. 1A) [5,6]. Aromatic—flavin n-interactions are known to modulate
redox properties in other flavoproteins, such as ferredoxin-NADP™ re-
ductases (FNRs), flavodoxins (Flvs) and cytochrome P450 oxidoreduc-
tases [13-17]. For example, mutation of Tyr303 in Anabaena FNR alters
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Fig. 1. Structural features and spectroscopic properties of G. violaceus FFTR C-terminal tail variants. A Close-up view of the FAD active site in the crystal structure of
the G. violaceus FFTR homodimer (open conformation PDB code 5J60). The two protomers are shown as cartoon with transparent surface, one colored in light-blue
and the other in dark-blue. Only the FAD cofactor of the light-blue protomer is displayed (sticks, carbons in orange). The CxxC motif of this protomer is highlighted in
yellow (side chains in sticks). From the neighboring dark-blue protomer, the C-terminal tail (Ser307-His317) is shown, with Trp315 in sticks (carbons in magenta)
stacking against the re face of the FAD. B Visible absorption spectra, C far UV fluorescence spectra, and D visible fluorescence spectra of FFTR_WTox (green),
FFTR_Atailox (blue) and FFTR_W315A0x (orange). Solid lines show the fluorescence emission spectra upon excitation at 280 nm and 600 V in C and 460 nm and 700
V in D, while dashed lines correspond to excitation spectra when collecting fluorescence at 333 nm in C and 527 nm in D. Panels B and D also include the spectrum of
free FADox (violet). Spectra were recorded in 10 mM potassium phosphate, pH 8.0, at 25 °C. Fluorescence spectra were normalized to the corresponding protein
concentration determined from the extinction coefficient at the flavin band I. All samples were measured at identical protein concentrations under the same buffer
conditions. Relevant spectral peaks are highlighted in B and D. Data correspond to a representative experiment (n = 3). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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the redox potential and affects hydride transfer efficiency, highlighting
the role of aromatic side chains in tuning flavin chemistry [15,18].
These precedents underscore the importance of aromatic-stacking in-
teractions in modulating redox properties and support the rationale for
investigating n-stacking in FFTRs.

In this study, we employ the cyanobacterial FFTR from G. violaceus as
a model to dissect the molecular determinants of flavin redox tuning and
electron donor specificity. Through site-directed mutagenesis and
chimeric protein constructs, combined with spectroscopy, redox titra-
tions, and kinetic analyses, we elucidate how the C-terminal tail and its
conserved aromatic residue modulate the FAD electronic environment
and ET efficiency. Our results reveal a dual role for the C-terminal tail: it
both establishes a productive donor-binding interface and shapes the
FAD environment to satisfy the thermodynamic and kinetic re-
quirements for efficient intramolecular ET. These findings provide
mechanistic insight into how peripheral structural features, such as
n-stacking interactions, govern flavin reactivity and redox behavior in
FFTRs. This underscores their functional relevance in physiologically
specialized systems.

2. Materials and methods
2.1. Protein expression and purification

Wild-type FFTR (FFTR_WT), the C-terminal deletion variant
(FFTR_At) and Fdx1 from G. violaceus, as well as FFTR2 from Clostridium
acetobutylicum were prepared as previously described [5,6,8]. Using the
FFTR_WT expression vector as a template, a mutant enzyme was
generated in which Trp315 was replaced by Ala (FFTR_W315A), aiming
to disrupt the n-stacking interaction between the indole side chain of the
Trp and the isoalloxazine ring of the flavin. A similar strategy was used
to generate chimeric constructs in which the fftr2 gene from
C. acetobutylicum [8] and the ntr gene from Escherichia coli were each
fused at their C-terminus to the C-terminal tail of Gloeobacter FFTR
(residues 303-317), resulting in the chimeras CaFFTR2 Gvtail and
EcNTR_Gvtail. Point mutations and insertions were prepared according
to [19] and constructs were corroborated by DNA sequencing. Proteins
were produced in Rosetta E. coli cells as N-terminal His-tag fusions
containing a thrombin cleavage site. Soluble proteins were purified by
Ni%* affinity chromatography, followed by tag removal and gel filtration
using a Sephacryl S-300 HR column (Cytiva) equilibrated in 20 mM Tris/
HCl pH 7.6, 150 mM NaCl. Prior to gel filtration, flavoenzymes were
incubated with excess FAD to ensure full saturation of the binding sites.
Saturation was confirmed by comparing the FAD concentration with the
protein concentration determined by the Bradford assay (Bio-rad),
yielding a consistent 2:1 flavin-to-homodimer ratio. Anabaena FNR and
Flv were prepared as described [20,21].

2.2. Spectroscopic analysis

UV-Visible absorption spectra were recorded at 25 °C using a Cary
3500 spectrophotometer (Agilent Technologies). The molar absorption
coefficients for FFTRWT (e4s8nm = 10.1 & 1.3 mM~! em™!) and
FFTR_Atail (e450nm = 13.9 + 1.1 mM~! ecm™!) were taken from [5]. The
value for Fdxl was assumed to be equivalent to that of Anabaena
ferredoxin (€423pm = 9.4 mM ! cm’l), whereas the extinction coefficient
for FFTR_W315A (e450nm = 13.1 £ 0.7 mM ' cm™!) was determined
spectrophotometrically in this work by thermal denaturation for 10 min
at 90 °C, followed by centrifugation, separation of the precipitated
apoprotein, and spectroscopic quantification of the FAD released as
previously described [22]. Herein these coefficients were used to
determine protein concentration. Absorption spectra were recorded in
20 mM Tris/HCI pH 8.0, 150 mM NaCl. Excitation and emission fluo-
rescence spectra were acquired using a Cary Eclipse fluorimeter (Agilent
Technologies) at 25 °C in 10 mM potassium phosphate, pH 8.0, with
homodimer protein concentrations in the 3-5 pM range.
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Steady-state photoreduction of FFTR_W315A was carried out step-
wise under anaerobic conditions by irradiation with a 150 W halogen
lamp at room temperature for periods of up to 30 s in the presence of 4
pM 5-deazariboflavin (5-dRf) and 3 mM ethylenediaminetetraacetic acid
(EDTA), following previously established protocols [5]. Anaerobic
conditions were employed to prevent side reactions involving oxygen, in
accordance with established protocols for studying flavoproteins that do
not catalytically interact with it.

2.3. Determination of midpoint reduction potentials

Midpoint reduction potentials (E;) of FAD for FFTR_At and
FFTR_W315A were determined using two complementary procedures.
The first one was the xanthine/xanthine oxidase (XO) method [24].
Reduction of FFTR by the xanthine/XO system [23,24] was carried out
in a closed anaerobic cuvette with a final concentration of ~15 pM of
FFTR, 1-2 mM xanthine, 5 pM of the methyl viologen (E,, = —446 mV, n
= 1), 10 mM glucose and 10 U/mL glucose oxidase, in 20 mM Tris/HCl
pH 8.0, 150 mM NacCl. Once anaerobic conditions were established using
a Schlenk line, 7.8 pg/mL of bovine milk XO (Sigma-Aldrich) was added
to the mixture, and spectra were recorded every 5 min for up to 2 h,
scanning from 250 to 700 nm at 25 °C, in a CARY 3500 spectropho-
tometer (Agilent Technologies). Absorption changes accompanying
reduction of the indicator dye (phenosafranine was used in the case of
both FFTR mutants, E,; = —252 mV) and the flavoprotein at each point
during the xanthine/XO reduction were used to determine the FFTR Ey,
hq value using the Nernst equation as previously reported [11,23,24].

The second method for analyzing midpoint reduction potentials was
cyclic voltammetry (CV). Measurements were carried out using an
Autolab PGSTAT12 potentiostat controlled by the GPES3 software
(Ecochemie, The Netherlands). The 1 mL glass electrochemical cell was
equipped with a platinum wire counter electrode, an Ag/AgCl (3 M
NaCl, Ey, = +220 mV) reference electrode and a 3 mm diameter glassy
carbon working electrode (BASi, USA). The glassy carbon electrode was
modified with a mixture of the protein and poly (dia-
llyldimethylammonium chloride) polymer (PDDA) as follows: 5 pL of
PDDA was mixed with 5 pL of FFTR (130 pM) and drop coated onto the
electrode [25]. The modified bioelectrode was stored overnight at 4 °C.
The CV measurements were carried out at 25 °C under anaerobic con-
ditions obtained by flushing the samples under a nitrogen saturated
atmosphere. The potential was scanned between 200 and — 700 mV at a
rate of 100 mV/s. Control experiments were carried out in the absence of
the protein. Additionally, FAD was immobilized onto the electrode and
subjected to scanning in the same manner as the protein solution. The
supporting electrolyte was 50 mM KPi buffer, 100 mM KCl, pH 7.4.

2.4. Kinetic measurements by stopped-flow spectrophotometry of the
FFTR FAD reductive half-reaction

The reduction of the FAD cofactor of FFTR was evaluated by fast
kinetic stopped-flow spectrophotometry by using a SX.18MV spectro-
photometer (Applied Photophysics Ltd.) interfaced with a photodiode
array detector in the visible region according to established protocols
[11,26]. Reduction kinetics were studied using as reductant either so-
dium dithionite (DTH) (final concentrations 5 mM), light irradiation
from the instrument’s source lamp, or the physiological electron donor
in the form of photoreduced Fdx1 (Fdx1,q). All samples were rendered
anaerobic prior to loading into the stopped-flow system by subjecting
them to several cycles of evacuation and bubbling with Oz-free argon,
following usual procedures when studying redox processes involving
flavoenzymes [26]. Samples were prepared in 20 mM Tris/HCl pH 8.0,
150 mM NacCl, at 25 °C, and supplemented with glucose (10 mM) and
glucose oxidase (10 Ul/mL) to maintain anoxic conditions. Fdx1.4
samples were generated by photoreduction in the presence of 5-dRf/
EDTA (4 pM/3 mM) [11,26]. To follow the kinetics of photoreduction
within the stopped-flow chamber, anaerobic protein solutions, both in
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the absence and in the presence of 5-dRf/EDTA (4 pM/3 mM), were
mixed 1:1 with the same anaerobic buffer and exposed to photo-
irradiation from the instrument’s source lamp (150 W/CR OFR Xenon
Short Arc Lamp, OSRAM). Fast mixing experiments were also performed
under anaerobic conditions to evaluate ET from DTH or Fdxl,q to
oxidized FFTR (FFTRox, FADyy) in 20 mM Tris/HCl pH 8.0, 150 mM
NacCl, at 25 °C. Absorption data at multiple wavelengths in the 360-900
nm range were collected during the reaction using the Pro-Data-SX
software (App. Photo. Ltd.) [26]. Typically, 400 absorption spectra
across multiple wavelengths were collected during the selected
measuring times. Reduction of FFTR.x by Fdx1,q4 was studied at molar
ratios of homodimer FADyy:Fdx1,4 of 1:1 and 1:4, with final homodimer
FFTRx concentrations ranging from 2.5 to 5 pM. Pro-Data-SX and Pro-
Kineticist (App. Photo. Ltd.) were used to evaluate spectral evolution
for the identified processes, as previously reported [26]. Nonetheless, in
the specific system studied here, deconvolution analysis proved highly
challenging, likely due to multiple overlapping conformational changes
and redox processes contributing simultaneously to the observed spec-
troscopic changes over time [11,26]. This complexity precluded the
reliable extraction of observed rate constants (kops) for individual steps
(see Discussion).

2.5. Thioredoxin reductase activity assay

The Fdx-dependent reductase activity of FFTR mutants from
G. violaceus was assessed by monitoring the reduction of 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB) at 412 nm, following the protocol described
by [27]. The reaction mixture contained 0.2 mM NADPH, 0.1 pM FNR
from Anabaena [18], 2 pM Fdx1, 0.1 pM FFTR, 0.5 pM Trx-m and 0.5 mM
DTNB. The NADPH-dependent reductase activity of EcNTR and the
EcNTR_Gvtail chimera was evaluated using reaction mixtures contain-
ing 0.15 mM NADPH, 0.25 pM NTR and 0.25 mM DTNB. Reactions were
carried out in 100 mM potassium phosphate buffer pH 7.0 containing 2
mM EDTA, at 25 °C. The Flv- and Fdx-dependent reductase activities of
GVFFTR, CaFFTR2_Gvtail and EcNTR_Gvtail were assessed by estimating
the ratio of reduced/oxidized state of Trx (GvTrx-m, CaTrx2 and EcTrx,
respectively) in a reaction mixture containing 500 pM NADPH, 1 uM
Anabaena FNR, 10 pM Fdx1 (or Anabaena Flv), 1 pM thioredoxin
reductase, and 5 pM Trx in buffer, 50 mM Tris/HCl 7.6, 100 mM NaCl.
After 1 h of incubation at room temperature, proteins were precipitated
with trichloroacetic acid and resuspended in a solution containing 1 %
(w/v) SDS and 10 mM 4-acetamido-4'-maleimidylstilbene-2,2-disulfonic
acid (AMS). Samples were subjected to 12 % (w/v) non-reducing SDS-
PAGE and visualized with BlueSafe (NZYTech).

2.6. Isothermal titration calorimetry (ITC)

The ITC experiment was performed using an AutoITC200 system
(Microcal). Briefly, 20 pM FFTR_W315A in buffer 100 mM potassium
phosphate, 2 mM EDTA, pH 7.0 was titrated at 25 °C with a 300 pM Fdx1
solution. The resulting heat changes were integrated and fitted using a
single-site binding model implemented in the Origin software package
(OriginLab Corporation, Northamptom, MA).

3. Results and discussion
3.1. Trp315 shapes the local flavin environment

To elucidate the specific contribution of Trp315 to the electronic
environment of the flavin cofactor in FFTR, we analyzed the absorption
and fluorescence spectra of oxidized FFTR WT (FFTR_WT,y) and
selected mutants. The absorption spectra of FFTR_WT,y, the C-terminal
truncated variant FFTR_Atail,x and the FFTR_C135S,x mutant protein
have been previously reported, providing a foundational view of the
flavin environment in distinct structural contexts [5,6,11]. Building on
this framework, we focus on the FFTR_W315A.x point mutant protein to
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assess the specific role of the C-terminal Trp residue (Trp315 in
G. violaceus) in modulating flavin electronic properties.

Spectroscopic analysis of FFTR_W315A,, revealed two absorption
maxima at 380 nm and 450 nm, corresponding to flavin bands II and I,
respectively (Fig. 1B, orange line). These bands were blue-shifted rela-
tive to FFTR WT.x (Fig. 1B, green line), indicating a perturbed flavin
environment. Notably, the spectrum of FFTR_ W315A. closely resem-
bled that of FFTR_Ataily (Fig. 1B, blue line), suggesting that the loss of
Trp315—whether by truncation or point mutation—results in similar
alteration of the isoalloxazine environment. The similarity between the
absorption spectra of free FADy, (Fig. 1B, purple line) and those of
FFTR_W315A,4 and FFTR_Ataily likely reflects a comparable solvent-
exposed environment of the isoalloxazine re face. This convergence
supports the hypothesis that disruption of the n-stacking interaction
between the aromatic residue and FAD increases solvent exposure of the
cofactor. The larger blue shift observed for band II (12 nm) compared to
band I (8 nm) reflects their distinct electronic transitions and is consis-
tent with a higher environmental sensitivity of band II. Similar differ-
ential shifts in the visible absorption bands of FAD have been reported in
other enzymes, such as cholesterol oxidases, where they were attributed
to changes in the polarity and hydrophobicity of the active site [28].

Fluorescence measurements upon excitation at 280 nm revealed that
FFTR_WT,y displayed an emission spectrum centered at 333 nm with a
shoulder at 352 nm (Fig. 1C, green continuous line). The corresponding
excitation spectrum revealed a major peak near 290 nm (Fig. 1C, green
dashed line), consistent with the fluorescence characteristics of Trp
residues [29]. The emission peak at 333 nm and the shoulder around
352 nm correspond to buried and solvent-exposed Trp side chains,
respectively. This interpretation is supported by the structural compo-
sition of FFTR, which contains five Trp residues per protomer, two of
them buried, two solvent-exposed, and one (Trp315) directly engaged in
n-stacking with the FAD isoalloxazine ring (Fig. 1A). In contrast,
FFTR_Atailoy and FFTR_ W315A, exhibited a marked decreased in Trp
fluorescence intensity (Fig. 1C, blue and orange continuous line,
respectively), while preserving similar peak-to-shoulder ratios (1.2, 1.1
and 1.1 for WT FFTR, FFTR_Atail and FFTR_ W315A). This pattern
confirms that Trp315 contributes significantly to the overall Trp fluo-
rescence signal. The higher fluorescence intensity observed in the WT
protein is partly attributable to the presence of this additional Trp res-
idue. However, the fact that Trp315 is n-stacked with the isoalloxazine
ring yet still contributes to the emission suggests that this stacking
interaction does not lead to complete fluorescence quenching.

Within the flavin fluorescence range, FFTR_WT,x showed low emis-
sion and excitation intensities, consistent with strong quenching of the
isoalloxazine fluorescence (Fig. 1D, green colour) [30]. In contrast, both
FFTR_Atail,y and FFTR_W315A.4 displayed an increase in FAD. fluo-
rescence quantum yield, with FFTR_Atail,x showing the most pro-
nounced enhancement (Fig. 1D, blue and orange lines). Importantly, the
quantum yields of both mutants exceed that of free FADy (Fig. 1D,
purple line), suggesting that the cofactor remains tightly bound in an
extended conformation, lacking the intramolecular folding of the
adenine moiety over the isoalloxazine ring that typically contributes to
fluorescence quenching in free FADyy [31]. Thus, the observed increase
in fluorescence is not due to cofactor release, but rather to altered in-
teractions within the active site.

These data indicate that in FFTR_WTy, the FAD is tightly shielded by
n—stacking with the Trp315 indole ring, which reduces solvent accessi-
bility and contributes to isoalloxazine fluorescence quenching. Despite
the close proximity between Trp315 and the isoalloxazine, no evidence
of Forster resonance energy transfer (FRET) from Trp to FAD was
observed upon excitation at 280 nm. Furthermore, the strong quenching
of FAD fluorescence even upon direct excitation indicates that its lack of
emission arises from intrinsic non-radiative decay pathways. Therefore,
although no fundamental restriction exists for FRET between Trp and
isoalloxazine, the specific geometry and electronic environment in FFTR
likely preclude efficient energy transfer.
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In contrast, the spectral properties of FFTR W315A,; and
FFTR_Atailok resemble those of free FADyy, suggesting that removal of
the C-terminal Trp exposes the isoalloxazine ring to a more polar envi-
ronment, thereby increasing its solvent accessibility. This mirrors the
architecture observed in clostridial FFTRs, which naturally lack the C-
terminal extension and display fully solvent-exposed FAD cofactors in
the resting conformational state [8]. Thus, Trp315 appears to be a
structural distinctive feature of cyanobacterial FFTRs that serves the
purpose of modulating the flavin environment and, as a consequence, its
redox behavior.

3.2. Contributions of the C-terminal tail and Trp315 to FAD redox tuning

The increased solvent accessibility of the isoalloxazine moiety of
FAD in FFTR_Atail and FFTR W315A compared to FFTR_WT suggests
changes in the thermodynamic properties of the FAD cofactor. To test
this hypothesis and to quantify the contribution of Trp315 and the C-
terminal tail to redox tuning, we determined the midpoint reduction
potential of FAD in each variant. Relative to the previously reported
EraDox/hq Value of —448 + 8 mV for FFTR_WT (vs. normal hydrogen
electrode, NHE) [11], both FFTR_Atail and FFTR_W315A exhibited
significantly less negative values (247 = 4 mV and —242 + 4 mV,
respectively; Fig. 2A). These results demonstrate that the C-terminal tail,
and Trp315 in specifically, plays a critical role in stabilizing the highly
negative redox potential of the FAD cofactor in FFTR_WT.

In FFTR_WT, the disulfide potential (—356 mV) lies between those of
FAD and canonical Trxs (~—290 mV) [32], establishing a thermody-
namically favorable ET sequence from Fdx1 to FAD, then to the disul-
fide, and finally to Trx [11]. The positive shift in FAD potential observed
in the studied mutants disrupts this gradient, reducing the driving force
for ET to the disulfide. The disulfide potential is assumed to remain
unchanged in FFTR_Atail and FFTR_ W315A, as structural data (PDB
codes 5J60 and 6XTF) indicate that the disulfide microenvironment is

Log(FFTR,,/FFTR)
0.5+

0.12 - .
4537

O FFTR_Atail
0.0

=)
< 0.09 -
~ -0.5-
@
O
c \ 1.0 -
g 0.06 -1.0 -0.5 0.0 0.5 1.0
res Log(PhS_,/PhS, )
(o]
(7))
o]
< 0.03 |
A  —

0.00b— o .
300 400 500 600 700

Wavelength (nm)

OoX

International Journal of Biological Macromolecules 333 (2025) 148860

not directly affected by the removal of Trp315 or the C-terminal tail.
Previous observations of partial FAD reoxidation upon Trx addition to
DTH-reduced FFTR_Atail [6] reflect inefficient ET to Trx, likely due to
impaired coupling.

Additional insights were obtained from CV measurements. Immobi-
lized FFTR_WT showed no observable redox peaks (Fig. 2B, green line),
likely reflecting conformational heterogeneity or insufficient interaction
of redox centres with the electrode, whereas FFTR_Atail and
FFTR_W315A each displayed peaks consistent with faster and more
homogeneous redox behavior, appearing as a single redox couple
(Fig. 2B, blue and orange lines) despite containing two redox-active
sites. This observation suggests that the redox window of FAD and di-
sulfide overlaps under the experimental conditions, rendering them
electrochemically indistinguishable. The sharper peak definition
observed in the mutants likely reflects increased FAD solvent exposure,
facilitating more efficient electronic communication with the electrode.
Midpoint potentials derived from CV measurements were — 164 + 5 mV
for both mutants (vs. NHE). Considering the known shift in FAD po-
tential upon electrode immobilization (from —219 mV in solution to
—135 mV on carbon electrodes; [23,24]), we applied a correction factor
to approximate solution-equivalent values. This yielded adjusted
midpoint potentials of —244 4+ 5 mV for the mutants, in good agreement
with the values obtained from potentiometric titrations in solution.

3.3. Modulation of FAD reactivity toward dithionite

To investigate how the C-terminal tail influences the flavin reductive
half-reaction in FFTR mutants, we exposed them with DTH, a widely
used non-physiological flavin reductant. In previous studies, FFTR WT
required high DTH concentrations to achieve reduction of its FAD
cofactor (which holds a very negative redox potential) and, even under
these conditions, a mixture of redox species was observed, including the
neutral flavin semiquinone (FADyq; one-electron reduced) and the
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Fig. 2. Midpoint reduction potentials for FFTR_Atail and FFTR W315A. A Visible absorption spectra during midpoint reduction potential determination of
FFTR_W315A in the presence of phenosafranine as dye (E,, = —252 mV). Spectra from dark-blue to orange represent different time points during protein/dye
reduction (right arrow represents direction of changes). Samples were premixed with methyl viologen, xanthine and the dye, rendered anaerobic by several cycles of
vacuum application and bubbling with O,—free argon, and subsequently mixed with xanthine oxidase. Spectra were recorded every 3-5 min for up to 2 h, at 25 °C in
20 mM Tris/HCI pH 8.0, 150 mM NacCl. The inset shows the logarithmic ratios of oxidized/reduced protein (for both FFTR_W315 (orange) and FFTR_Atail (blue) and
dye, with absorption values at 453 nm (flavin band I) and 512 nm (phenosafranine). B Cyclic voltammograms of FFTR_WT (green), FFTR_Atail (blue), and
FFTR_W315A (orange) recorded at 25 °C under anaerobic conditions by applying a potential between 0 and - 700 mV with a scan rate of 100 mV/s. Images shown
correspond to a representative of n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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thiolate-flavin charge transfer complex (CTC) [6,11]. These species
indicate incomplete reduction and have been associated with redox
asymmetry within the FFTR dimer; that is, while FAD in one monomer
proceeded to FADpq and formed the CTC, the FAD in the other monomer
remained as FADx or FADyq. This asymmetry was proposed to regulate
electron distribution and reactivity [11].

In striking contrast, FFTR Atail and, especially, FFTR_W315A
exhibited rapid and complete flavin reduction at much lower DTH
concentrations (5 mM versus 50 mM), with negligible accumulation of
either FADgq or CTC (Fig. 3A and B), in agreement with their less
negative redox potentials. These observations extend previous findings
of enhanced FAD reactivity in the C-terminal truncated variant [6] and
further support a central role for Trp315 in modulating the redox
properties of FAD, including its intrinsic redox potential and accessi-
bility to external reductants.

Despite the fact that both mutants lack the n-stacking interaction
with Trp315, their reduction kinetics by DTH differ. FFTR_Atail reduc-
tion showed two clear kinetically separable processes contributing
approximately equally to the total absorbance changes at band I
(Fig. 3A, inset), whereas in FFTR_W315A the faster process accounts for
only about one quarter of the overall change (Fig. 3B, inset). This sug-
gests that, beyond modulating flavin thermodynamics, the C-terminal
tail also imposes kinetic constraints on reductant access. Its complete
removal in FFTR_Atail eliminates this barrier, while substitution of
Trp315 in FFTR_W315A only partially relieves it, resulting in an inter-
mediate behavior likely due to partial occupancy of the indole site by the
alanine’s methyl group.

3.4. Stabilization of catalytic intermediates by the C-terminal tail

To further dissect the mechanistic role of Trp315 and the C-terminal
tail, we complemented the chemical reduction assays with light-driven
flavin reduction, which offers a more physiologically relevant activa-
tion mode and allows detection of transient intermediates. In FFTR_WT,
photoreduction generated transient mixtures of FADgq and CTC, with the
FADq, fraction remaining below 50 % [11].

In contrast, stepwise photoreduction of FFTR_W315A produced a
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distinct spectral profile that is characterized by a broad band between
550 and 700 nm, with a maximum at 577 nm and a shoulder at 620 nm,
along with isosbestic points at 502 and 342 nm (Fig. 4A). This pattern is
consistent with partial accumulation of FADgq (approximately 25 %) and
the absence of CTC. These results align with previous data on
FFTR_Atail, which also fails to stabilize FADgq or form CTC [5].

Stopped-flow photoreduction kinetics in the presence of photosen-
sitizers revealed that both FFTR_Atail and FFTR_W315A undergo faster
and more extensive reduction than FFTR_WT (Fig. 4B and C; [11]),
displaying two kinetically distinct reductive processes at band I (Fig. 4B
and C, insets). However, despite this increased reactivity, neither mutant
achieved full conversion to FADyg, stabilizing minor long-wavelength
intermediates instead (Fig. 4B—C, compare with Fig. 3C in [11]).

These findings indicate that removal of Trp315 destabilizes FAD,
preventing its progression to FADpq and abolishing CTC formation.
Mechanistically, the observed behavior is consistent with an alteration
of the functional asymmetry proposed for the FFTR_WT homodimer—in
which one monomer accumulates FADy/FADgq and the other reaches
FADpg/CTC [11]. This reduction in heterogeneity likely reflects a
decreased capacity to stabilize distinct intermediate states within the
homodimer, which may be critical for efficient coupling of electron
donor and acceptor redox centers to the FAD. Taken together, chemical
and photoreduction experiments reveal that Trp315 not only modulates
the redox potential and accessibility of FAD, but also stabilizes key in-
termediates and facilitates functional asymmetry within the FFTR
dimer. The absence of the C-terminal tail in Clostridium FFTRs may
reflect a fundamental difference in their redox requirements. In these
enzymes, a single Fdx molecule, containing two [4Fe-4S] redox centers,
can subsequently deliver two reducing equivalents to fully convert
FADoy to FADyg, eliminating the need for stabilization of partially
reduced intermediates. By contrast, cyanobacterial FFTRs rely on
sequential electron delivery by two [2Fe-2S] Fdx molecules. In this case,
stabilization of intermediate FADg, states is essential to prevent pre-
mature reoxidation while awaiting the binding of the second Fdx. Thus,
the C-terminal extension in cyanobacterial FFTRs may have evolved to
provide structural support for intermediate stabilization, thereby
ensuring efficient progression toward complete flavin reduction.
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Fig. 3. Time-resolved spectral evolution during reduction of FFTR_Atail and FFTR_W315A by non-physiological electron donors. Spectral changes observed upon
stopped-flow mixing of A FFTR_Atail (~3.4 pM, homodimer concentration) and B FFTR_W315A (~3.1 pM) with 5 mM DTH. Insets show kinetic traces at repre-
sentative wavelengths. Major processes are indicated by grey (first process) and black (second process) spectra with arrows. In all panels, the red line corresponds to
the first spectrum after mixing. Reactions were performed under anaerobic conditions at 25 °C in 20 mM Tris/HCI (pH 8.0), 150 mM KCl. Data correspond to a
representative experiment (n > 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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band of FADy,. Major identified processes are indicated by grey (first) and black (second), with corresponding arrows in the insets. The initial oxidized state in A and
the first spectrum after mixing in B and C are shown in red. All measurements were performed in 20 mM Tris/HCI, 150 mM KCl, pH 8.0 under anaerobic conditions at
25 °C, and stopped-flow experiments contained 1.5 mM EDTA and 2 pM 5-dRf final concentrations. Images shown correspond to a representative of n > 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Role of the C-terminal tail and Trp315 in donor recognition

The C-terminal tail of FFTR plays a key role in mediating interactions
with Fdx1, enabling efficient ET through the FAD to the redox-active
disulfide, as previously demonstrated by X-ray crystallography, ITC,
and biochemical assays that confirmed specific binding and catalytic
activity [5,6,11].

To test the contribution of the =n-stacking interaction to donor
recognition, we performed ITC experiments using the FFTR_W315A
mutant. Titration with oxidized Fdx1 (Fdx1,y) produced no measurable
heat change (Fig. 5A), indicating a lack of specific binding. These results
suggest that disruption of the n-stacking interaction may be sufficient to
impair functional docking with Fdx1. Although the C-terminal tail is still
present in FFTR_ W315A, it may be destabilized in the absence of
Trp315, compromising its ability to mediate productive donor interac-
tion. Thus, the n-stacking interaction between Trp315 and the FAD
cofactor is not merely a local electronic feature, but also contributes to

maintaining the structural integrity of the donor-binding interface.

Consistent with the unfavorable redox potential of FAD, neither
FFTR_W315A nor FFTR_Atail mutants supported disulfide reduction by
DTNB in the presence of reduced Fdx1, with or without Trx (Fig. 5B).
These findings indicate that ET from Fdx1 to the disulfide is severely
hindered in both mutants, suggesting a loss of functional coupling due
either to impaired donor docking or to insufficient thermodynamic
driving force.

To further evaluate the donor specificity of FFTR, we tested whether
the enzyme could accommodate Flv, a structurally distinct yet func-
tionally analogous one-electron carrier that substitutes for Fdx in
various redox pathways [33]. Unlike plant-type Fdx, which contains a
[2Fe—28] cluster, Flv carries a flavin mononucleotide (FMN) cofactor
and operates via the FMNg,/FMNpq redox pair. Despite their structural
differences, both proteins act as low-potential one-electron carriers
(—400 to —430 mV) [34,35]. Activity assays using reduced Anabaena Flv
confirmed that Gloeobacter FFTR_WT can efficiently use Flv to support
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Fig. 5. FFTR_Atail and FFTR_W315A in the electron transfer pathway from Fdx1 to the disulfide active site. A ITC analysis of the interaction between G. violaceus
Fdx1 and FFTR_W315A. The upper plot shows the thermograms of heat release upon sequential Fdx1 injections to the FFTR_W315A protein solution. The lower panel
shows the binding isotherm (Fdx-normalized integrated heats per injection as a function of the molar ratio [Fdx1]yota/[FFTR_W115A]1oa1). B DTNB reduction assay
of FFTR_WT, FFTR_Atail, and FFTR_W315A using Fdx1 as electron donor, in the absence (—Trx) or presence (+Trx) of Trx-m. DTNB reduction was followed at 412
nm; initial velocities calculated. Controls lacking Fdx1 (-Fdx1) or FFTR (-FFTR) are included. Data are mean + SD. C Flv-dependent reduction of G. violaceus Trx-m
via G. violaceus FFTR with Anabaena Flv reduced by Anabaena FNR in the presence of NADPH. The reaction mixture contained equal amounts of Trx-m, NADPH, and
components as indicated. After reaction, free thiols in Trx-m were labeled with AMS, shifting its electrophoretic mobility. Oxidized (C, control) and reduced (DTT-

treated) Trx-m are included for comparison.

Trx reduction (Fig. 5C). This result indicates that, despite the strict
structural requirements observed for the specific interaction with Fdx1,
the FFTR_WT active site retains a degree of flexibility that allows
engagement with alternative redox partners. Such adaptability may be
physiologically relevant in environments where Fdx availability is
limited, such as iron-poor conditions, underscoring the capacity of
FFTR_WT to integrate diverse electron input systems.

3.6. Electron transfer from Fdx1,q to FFTR mutants in the absence of
specific docking

To evaluate whether the FAD cofactors in FFTR_Atail and
FFTR_W315A retain the ability to accept electrons from reduced Fdx1
(Fdx1,q), we monitored flavin reduction upon mixing photoreduced
Fdx1,q with each FFTR mutant (Fig. 6). This experiment does not assess
specific protein—protein interaction, as both mutants lack the C-terminal
tail required for Fdxl docking, as demonstrated above (Fig. 5A-B).
Instead, it probes the intrinsic capacity of the solvent- exposed FAD
cofactors to undergo reduction under solution-phase conditions, where
ET may occur via transient collisions, following the approach previously
established for FFTR_WT (see Fig. 4-B in [11]).

Spectral analysis revealed that both FFTR variants underwent com-
plete reduction to the FADyg state at [2Fe—2S]:FAD ratios of 1:2 and 4:2
(Fig. 6A-D). At the highest ratio, sufficient electrons were available to
reduce both FAD cofactors within the homodimer. Notably,
FFTR_W315A exhibited two distinct kinetic phases during reduction
(Fig. 6D, inset), consistent with asynchronous reduction of the two
monomers—similar to the behavior previously observed for FFTR WT
[11]. In contrast, FFTR_Atail displayed a single kinetic phase, suggesting

simultaneous reduction of both monomers (Fig. 6B). Both mutants
achieved the FADyq state significantly faster than FFTR_WT under
identical conditions. This enhanced reactivity likely reflects their less
negative FAD midpoint potentials, which lower the energetic barrier for
reduction.

FFTR_WT can reach a final dithiol-FADyq (EH4) state during the
evaluated process, as subsequent photoreduced Fdx1,4 molecules facil-
itate a second FAD reduction cycle following reoxidation via hydride
transfer to the redox-active disulfide. In contrast, this outcome is not
expected for the mutants, owing to their inability to reduce the disulfide
bridge (Fig. 5B). Consequently, the final state in the mutants is expected
to be the disulfide-FADyq.

These results demonstrate that although FAD in FFTR_Atail and
FFTR_W315A can still accept electrons from Fdx1,4, the variants lack the
environment required to stabilize a sufficiently negative midpoint po-
tential and to support efficient intramolecular ET to the redox-active
disulfide. As shown above, alterations in the C-terminal tail may also
impair proper docking of Fdx1 to the enzyme. Altogether, our findings
reveal that the C-terminal tail fulfils a dual role: it establishes a pro-
ductive donor-binding interface while simultaneously shaping the FAD
environment to meet the thermodynamic and kinetic requirements for
efficient intramolecular ET.

3.7. Functional integration of the FFTR C-terminal tail requires structural
context

Building on the observation that Trp315 modulates flavin redox
properties through n-stacking interactions, we asked whether this
structural element could be introduced into other flavoproteins to confer
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similar functionality. This question is particularly relevant because
stabilization of the FADg, intermediate could, in principle, enable
sequential single-ET. In most Fdx-dependent systems, partner recogni-
tion is primarily governed by electrostatic complementarity, allowing a
degree of cross-species compatibility. Crystallographic analysis has
further shown that the C-terminal tail of Gloeobacter FFTR directly
participates in Fdx1 binding (PDB 6XTF).

To test the contribution of the tail to functional flexibility, we
engineered two chimeric constructs. In the first construct, the C-terminal
segment of Gloeobacter FFTR was fused to clostridial FFTR
(CaFFTR2_Gvtail), which naturally lacks a tail and operates with Fdxs
containing two [4Fe-4S] clusters, thereby donating two electrons
sequentially. This chimera showed no detectable activity with cyano-
bacterial [2Fe—2S] Fdx1 (Fig. 7A), indicating that the tail alone may be
insufficient to enable productive coupling with one-electron donors, and
that additional structural determinants are likely required to stabilize
FADgq and support ET. In a second construct, the Gloeobacter tail was
appended to E. coli NTR (EcNTR_Gvtail), a flavoprotein in which domain
rotation enables FAD to shuttle electrons between NADPH and the di-
sulfide active site [9]. ECNTR_Gvtail retained NADPH-dependent activ-
ity (Fig. 7B), demonstrating that the inserted tail is structurally
compatible and does not interfere with cofactor binding or the native
redox mechanism. Although weak interactions between free Trp and
FAD have been reported in solution [36], the structural constraints of
the protein matrix appear crucial for stabilizing this interaction in a

catalytically relevant configuration.

Together, these experiments highlight that the functional role of the
C-terminal tail is intrinsically linked to its structural context. Rather
than acting as a modular element, its ability to support redox partner
interactions and tune FAD reactivity depends on precise spatial and
dynamic features, underscoring the co-evolution of redox motifs with
their protein environments across flavoprotein families.

4. Conclusions

Our study demonstrates that the n-stacking interaction between
Trp315 and the FAD isoalloxazine ring is a central determinant of FFTR
redox behavior. Disruption of this interaction—through C-terminal tail
truncation or Trp mutation—destabilizes the flavin, increases its solvent
exposure, and shifts its redox potential by ~200 mV, thereby impairing
ET to the redox-active disulfide.

Spectroscopic and kinetic analyses reveal that both FFTR_ W315A
and FFTR_Atail adopt an open conformation reminiscent of clostridial
FFTRs, indicative of a conserved resting state. In cyanobacteria, the C-
terminal tail stabilizes FADyq, imposes structural gating, and modulates
ET both within and between protomers. Mutants lacking the tail exhibit
more synchronized reduction, highlighting its role in dynamic
asymmetry.

Chimeric experiments demonstrate that the tail is not a modular
element, but instead requires precise structural and electronic
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°C. Bars represent mean values + SD from three independent experiments.

compatibility with native partners, consistent with co-evolution. The
ability of Gloeobacter FFTR to utilize Flv further highlights its adaptation
to single-ET and the physiological relevance of FAD, stabilization.

Altogether, these findings establish FFTR as a model system for redox
modulation through dynamic structural features, providing insights for
the engineering of flavoproteins with tailored redox properties.
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